Introduction
In many African countries, Acacia senegal (L.) Willd. (Mimosaceae) plays an important role in poverty reduction. In dryland Africa, the species is used by rural people for ecological, economic, social and even cultural purposes. A. senegal is known as gum Arabic, and the tree produces gum which is used for food, medicine and in ceremonies. The gum is sold and procures revenues that (Received 24 th March 2009) are important for rural producers and can be seen even in the gross national product of the Sahelian countries. Other species produce gum, but gum from A. senegal is usually regarded as having the best quality and has various uses in cosmetic, medicinal and food industries (ARBONNIER, 2002; VON MAYDELL, 1986) . The firewood of A. senegal is of high quality and is considered the best in Mauritius and Senegal with an energy value of ca 3,500 kcal/kg. A nitrogen-fixing species, it can also be used to re-establish vegetation cover in degraded areas, as well as for sand-dune fixation and wind-erosion control (NATIONAL ACADEMY OF SCIENCES, 1983) .
A. senegal has a wide distribution in Africa, from Senegal in the west across the Sahel to Ethiopia and Somalia, and through Eastern Africa down to Natal (VON MAYDELL, 1986) . It is also found in India and Pakistan. Most of the gum comes from "the gum belt", stretching from Senegal to Sudan, and here the species is found in dry climates with precipitation ranging from 150-200 to 800 mm (FAGG and ALLISON, 2004) . In the drier parts of its area of distribution, it tends to be restricted to sandy habitats and dry river beds, but under the higher rainfall of the south Sahelian and north Sudanian ecozones it is also found on fine structured soils (COSSALTER, 1991; WICKENS et al., 1995) .
During the 1970'ies, Niger was among the large producers of gum, and the annual export reached values above 2,500 tons. The export declined considerably during the following years, and in 2000 the official statistics in France, Nigeria and Côte d'Ivoire (the major buyers of gum from Niger) showed an export of only 115 tons. To this should be added an estimated informal export to Nigeria of ca. 1,000 tons. The decrease in export was attributed to droughts, decimating the tree populations, poor regeneration of the stands and poor organisation of the trade (REPUBLIQUE DU NIGER, 2003) . Lately, due to the recent crises in Sudan, the world's largest producer of gum Arabic, there has been an increased interest in promoting the species for gum production and restoration of vegetation.
Because of its wide distribution across different environmental conditions, a series of provenances trials was established in order to find the best provenances in terms of adaptability and gum production (RAEBILD et al., 2003 a, c, d) . Most of these trials were evaluated at a relatively young age. The aim of this paper is to present the results of an assessment of a trial in Niger at a mature age, comprising 11 provenances from Niger, Mali and Sudan. The trial was conducted in the dry savannah zone of the country (LARWANOU, 2005) .
Materials and Methods

Experimental site
The experiment was conducted at N'Dounga Forestry Research station situated 30 km South-West of Niamey (2°18'28'' E, 13°15'00'' N). The mean annual precipitation at the station is around 500 mm, with a long dry season from October to May. The mean annual temperature is approximately 28°C. The natural vegetation type in the area is dry savannah with shrubby trees, dominated by Guiera senegalensis J.F. Gmel., Piliostigma reticulatum (DC.) Hochst. and Faidherbia albida (Del.) Chev. (LARWANOU, 2005) . The soil is sandy and low in N, with characteristics given in Table 1 . Two samples were taken in the part of the trial with higher relief, and one sample taken in a part with low relief. Since there were no apparent differences between the samples, values were averaged across the three samples. The content of organic matter was 0.34 %, and pH(H 2 O) was 5.3 and pH(KCl) was 4.2.
Plant material and trial establishment
Trees from eleven seedlots of A. senegal were established in a field trial in 1987 with 6 from Niger, 4 from Mali and one from Southern Kordofan in Sudan. For Table 1 . -Soil properties for the trial, taken from 0-30 cm depth. Values are means ± standard deviation. n = 3. Larwanou et. al.·Silvae Genetica (2010) Seeds were sown in the nursery in February and transplanted to the field during 3 days from July 19 to 21, 1987 . Before planting, the soil was ploughed to avoid competition with weedy plants. The spacing was 5 m x 5 m.
Experimental design
The trial was designed as a randomised block design with 4 replications. Each repetition of the provenance was composed of a plot with 49 plants planted in a square of 7 x 7 plants in order to reduce the effect of competition between trees from different provenances. However, even though the terrain is flat, small differences in relief meant that there were apparent differences in vegetation, probably because parts of the site with a lower relief ("bas-fonds") were flooded during rain events. Therefore, three of the replications were each divided in two parts in order to create homogeneous conditions within the blocks. The data were therefore analysed as four repetitions of the 11 provenances distributed in an unbalanced design with seven blocks.
Parameters measured
The assessment was carried out in 2001, 15 years after the establishment. The parameters assessed were: survival, vertical height, diameter at 1.3 m and crown diameter (determined by two perpendicular measurements from the rim of the crown to the opposite rim of the crown). Basal area was calculated as π x (diameter/2) 2 . On 87 trees, selected to cover different diameter classes and provenances, gum production was evaluated during the month of November 2001. At approximately 1.3 m above the ground, a piece of bark was removed from the trunk with a knife, and gum was collected after 3 weeks and weighed. Similarly, 99 trees were selected, and the fruits were harvested at maturity in December of the same year. Total fruit and grain weights were measured.
Data analysis
Before analysis, plot values of survival rate, mean height, basal area per ha, mean crown diameter, mean gum production and mean fruit and seed weight were calculated. All variables were analysed using a General Linear Models approach according to the model
Where P i is the effect of provenance (N(0, σ prov 2 )), Z j is the fixed effect of inundation zone j, B k (Z j ) is the random effect of block k nested within inundation zone, and ε ijk is the residual assumed to be independent N(0, σ e 2 ). Tests were performed in PROC GLM (SAS ® Institute Inc., Cary, NC) using the RANDOM statement with the option TEST to obtain the Satterthwaite approximation for the calculation of degrees of freedom.
Residuals were analysed by plots of standardised residuals against predicted values, blocks and provenances, and normality was checked graphically and by Larwanou et. al.·Silvae Genetica (2010) 59-5, 210-218 DOI:10.1515/sg-2010-0025 edited by Thünen Institute of Forest Genetics standard tests. In the case of survival, the provenance Chétimari had an outlier, which had a large influence on the results and was not included for the purpose of testing differences between provenances in this specific character. However, the outlier was included in calculation of the mean value of provenances in terms of average survival. For all other characters we estimated the least square means to present provenance performance in order to correct for the effects of the unbalance across blocks. Variance components for provenance effects (σ prov 2 ) corresponding to model (1) were estimated from the expected mean squares and the coefficient of variation CVar = σ prov /X (where X is the overall average across all provenances for the given trait) was calculated as a measure of the degree of genetic differentiation between the tested populations.
Correlations between growth parameters and gum, seed and fruit production on individual tree level were calculated using the Pearson correlation coefficients.
A multivariate analysis of provenance differences was performed based on the plot mean values of survival, height, basal area per tree, crown area per tree and the basal area per plot. The canonical variates were calculated, and the standardised canonical scores were plotted against the first and second canonical variate. The approximate 2 dimensional 95% confidence regions for the mean score were estimated as mean ± 2 ͱ⒓ n , where n is the number of replicates, in this case 4 (CHATFIELD and COLLINS, 1980) . Finally, a regression analysis was performed to examine the links between geographical origin and performance at the trial site at N'Dounga. Analyses were carried out using PROC REG (SAS ® Institute Inc., Cary, NC), and the least square means from univariate analyses as dependent variables. Independent variables were latitude, longitude, altitude, precipitation and a term comprising the squared value of precipitation. Before analyses, latitude and longitude were converted to decimal degrees. The square term was included to capture any optimum precipitation range. Variables were excluded using backwards elimination with a cutoff P-level of 0.10. Collinearity was checked using the variance inflation factor and the collinearity diagnostics (options VIF and COLLIN, SAS INSTITUTE INC., 1989). There was important collinearity between longitude and altitude (variance inflation factors above 10), and it was decided to keep only the longitude in the model. However, in the interpretation it should be remembered that the effects of longitude and altitude cannot be separated. The verification of residuals showed that for the variable basal area, residuals increased with increasing predicted values, and the variable was transformed using the natural logarithm. This did not change the conclusions of the model, however, and for ease of interpretation it was decided to present results using the non-transformed data.
Results
The overall survival rate was 81% with significant differences between provenances and blocks ( Table 3) . One provenance from Mali (Aïté) and two provenances from Niger (Azaye and Garin Noudé) had survival rates above 90 %. The provenances Goudoumaria and Chéti-mari from Niger and Dialaka from Mali had the lowest survival rates, below 70 % (Fig. 1a) . The least significant difference was 16 %. There were highly significant differences between blocks. However, differences between periodically inundated and non-inundated blocks were not significant and so must be attributed to other environmental parameters (Table 3) .
With respect to height, the average was 390 cm. However, there were significant differences between provenances, and the tallest were Dialaka and Aïté from Mali with average heights reaching 467 and 484 cm respectively. The smallest provenances were Goudoumaria, Chétimari and Yatawa (all Niger), all having average heights less than 350 cm (Fig. 1b) . The least significant difference was 50 cm. There were significant differences between inundation zones. In blocks subject to periodical flooding, the adjusted average height was 428 cm, whereas it was only 360 cm in blocks that were never inundated.
The average basal area was 4.4 m 2 ha -1
, but with a large and significant variation between provenances. Aïte from Mali took the lead with 6.2 m 2 ha -1 followed by Garin Noudé and Karofane from Niger both with 5.3 m 2 ha -1 (Fig. 1c) . Again, Goudoumaria, Chétimari and Yatawa from Niger were the smallest with basal areas of between 2.7 and 3.3 m 2 ha -1
. The degree of genetic differences was thus large with a coefficient of variation of 20 % for basal area per ha ( Table 3 ). The least significant difference was 1.8 m 2 ha -1
. The effect of inundation was highly significant, and the basal area in blocks exposed to periodical inundation was higher (5.0 m 2 ha -1
) than in blocks that were not inundated (3.9 m 2 ha -1 ).
There were no significant differences between provenances in crown diameter, and the coefficient of variation was a modest 2 %. Block effects were not significant, and the effect of exposure to inundation was only at the limit of significance for this character.
The average gum production was 53 g tree -1
, and the average fruit and seed production were 486 and 182 g tree -1
, respectively. The tree-to-tree variation was very high for gum production with minimum value of 3.5 g and maximum value 295.5 g (standard deviation across all 87 assessed trees in all blocks was 58.3 g). Neither of these traits proved significantly different between the provenances. Expressed on a single-tree basis, there were no significant correlations between these parameters and the other growth parameters (height, basal area and crown diameter), with the exception of the correlation between gum production and crown diameter which was at the limit of significance (r = 0.21, p = 0.05). Based on this test we made another analysis of variance of provenance effects, in which we included the mean crown diameter of the trees assessed for gum production as a co-variable. The mean crown diameter again had a positive and almost significant effect on gum production (P = 0.05), but still the provenance effect was far from significant (data not shown). Transforming data with the natural logarithm did not affect significance levels. As mentioned above, the variability between trees in gum production was high. In order to infer on the power of our test, we calculated the average within plot variation between trees in gum production (based on only 14 plots with 3 or more trees measured in the same plot) to 48.6 2 . Even with a balanced design of 3 trees assessed in each of three blocks this will correspond to an expected standard deviation Table 4 . For regression lines in (a), the average latitude for the provenances was used, whereas for (b), the average precipitation and the average squared precipitation were used. on the provenance mean of σ(Prov mean) = 48.6 / (√3 √3) = 16 g. Given an average gum production of 53 g per tree, this result tells us that the applied design would only have been able to detect very large provenance effects with differences in magnitude of above 100 %. A more intense sampling based on 16 trees per plot could be expected to provided a more precise provenance estimate σ(Prov mean) = 48.6 /(√16 √3) = 7 g, but even this would be a moderate precision given the average production of 53 g.
Geographic patterns
Results from the regression between conditions at the seed source origin and performance at N'Dounga are presented in Table 4 and Fig. 2 . Survival was significantly correlated to the squared precipitation values (precip2), being higher for provenances with precipitation at the origins between 400 and 500 mm. Latitude was also significant, Northern provenances having larger survival than Southern (Fig. 2(a) and 2(b) ).
Height was significantly correlated to the longitude, Western provenances having faster growth than Eastern (Fig. 2(c) ). It should be remembered, however, that longitude and altitude showed a high degree of collinearity, and in stead of an East-West gradient the correlation may express differences between low and high altitude provenances.
Basal area was correlated to the latitude, Northern provenances having faster growth than Southern (Fig.   2(d) ). This could be a reflection of the better survival, since when basal area was expressed per tree there was no correlation (data not shown).
Because the provenance from Fallatu, Sudan, had origin far from the group of West African provenances, it could be hypothesised that this provenance was driving the correlations. This was tested by eliminating the Fallatu provenance from the data and running the analyses again. For height, the effect of longitude became more significant (P = 0.001). For the other variables, however, there were only small changes in correlation coefficients and significance levels (data not shown).
The multivariate analysis confirmed the highly significant differences between provenances. Only the first canonical variate was significant (P = 0.0006) and explaining 62 % of the variation, indicating that the variation was essentially in one dimension. Therefore, variation between provenances in Fig. 3 should be interpreted only against the first canonical variate. The standardized canonical coefficients indicate that variation along this variate was primarily caused by differences in height, with only minor contributions from survival and basal area.
The two Western-most provenances from Mali (Aïté and Dialaka) were placed towards the left side of the diagram, with the Eastern provenances from Niger and Sudan in the centre and to the right side. Removing the provenance Fallatu from Sudan produced only small changes in the rest of the picture (not shown). The multivariate analysis thus supported the picture from the univariate growth data of differentiation between an Eastern and Western group.
Discussion
Production of gum arabic is the most important commercial product from Acacia senegal. The available evidence points to water stress as one of the triggering factors for gum production (FAGG and ALLISON, 2004) , and as provenances have different growth performance in the trial it could be expected that there would also be differences in gum production. Yet, it seems that despite a large variation in gum production between individual trees, it was not possible to identify significant differences between the tested provenances in the present trial. Gum yield was a moderate 53 g tree -1 . We found no significant differences between provenances, but considerations regarding the expected power of the analysis showed that the applied design can only be expected to reveal very large differences because of the high tree to tree variation combined with the restricted sample size applied for assessment of the gum production. Previously, a substantially higher gum production was recorded in the trials (an overall mean production of 130 g tree -1 varying between 90 and 188 g tree -1 for individual provenances), but these data report only mean values and it is not clear whether differences between provenances were significant (unpublished data).
In a trial from Burkina Faso, differences between gum productions of African provenances were significant, but only in one of the two studied years (OUEDRAOGO, 2001) . Larwanou et. al.·Silvae Genetica (2010) 59-5, 210-218 Furthermore, gum production per tree was very low in this trial, averages varying between 2 and 7 g tree -1 for the provenances thus not reflecting realistic levels for commercial harvest. In another trial from Burkina Faso it was found that a landrace from India had significantly lower production than tested provenances from Africa (B.O. DIALLO, pers.com.) . However, the provenance from India also had a very poor growth, and no significant differences were found between the African provenances. Also, in a trial with Sudanian provenances, RADDAD and LUUKKANEN (2006) found no significant differences in gum production. In the present trial comprising only African provenances measured in one year, differences between provenances were not significant. Besides the limitations due to the restricted sample size compared to the tree-to-tree variability, it shall also be noted that variation from year to year can be substantial. In a study of gum production at four sites in Burkina Faso, measured through four years, LOMPO (pers. com.) thus found large variations between years. Correlations between gum productions for individual trees in different years were small, and LOMPO propose that in genetic breeding programmes, gum production should be measured in several consecutive years in order to get a better estimate for the gum production potential of the provenance. However, whether this will result in significant differences between provenances is not sure, and the genotype x environment interaction is also not known. Conclusive studies on variation in gum production between provenances are thus still lacking. The often applied procedure -to measure gum production on a limited subset of the trees in the trials in order to save time -seems not to be advisable. Our results indicate large tree to tree variation in gum production resulting in low power and precision in comparisons between provenances in gum production unless these are based on a number of trees comparable to what is required to prove significant differences in growth and adaptation. On very uniform test sites this may be different.
The large differences observed in growth and survival is in concordance with results from other studies. Considering adaptive characters several studies have thus found significant differences between provenances. Provenances from Asia have been found to have a poor performance in Burkina Faso (RAEBILD et al., 2003a,d; OUEDRAOGO, 2001) , and provenances from Senegal had a good performance in a trial in India (RAEBILD et al., 2003b) . A priori it therefore seems relevant to look at African provenances for the best performance. At the relatively old age of 15 years, the trial at N'Dounga is a unique possibility for assessing the adaptability of the species over a long time-span.
None of the provenances are local, since the closest provenance origin is approximately 400 km from the trial. However, they represent a wide range in precipitation and as such are a good sample of the population. The provenance with the best survival, height growth and basal area was Aïte from Mali, but the provenances Garin Noudé, Karofane and Azaye had good performance too. Interestingly, the four provenances from Mali had the fastest height growth. Comparison with other West African trials is difficult as only few provenances are repeated across comparable trials and even the countries of origin represented in the comparable trials are often different. Therefore, it may be different provenances that are identified as superior in different trials. In three trials in Burkina Faso, for example, the best provenances with regards to basal area per ha were found to originate from Niger (RAEBILD et al., 2003a) , Sudan (RAEBILD et al., 2003c) and Burkina Faso (RAE-BILD et al., 2003d) , respectively. Still, the mere finding that provenances vary substantially is important as it indicates that seed sources seem genetically differentiated and a careful genetic management therefore is advisable. In the present trial we thus found the fastest growing provenance to have a basal area per ha of two times the basal area of the slowest growing, and the differences are therefore of clear importance both in relation to seed procurement and domestication, but also in relation to genetic management and conservation effort.
Regression analysis indicated a link between geographic clines and performance. Our a priori hypothesis was that the fit between precipitation at origin and the trial site would be determinant for the performance of the provenances. This proved to fit in the case of survival, where the significance of the square term of precipitation indicated that there is an optimal level for precipitation, and that provenances from regions with precipitation deviating from this optimal level will have poorer survival. The optimal value of the fitted curve is close to the annual precipitation at the trial site, supporting a hypothesis of local adaptation. However, for growth variables latitude and longitude/altitude seemed more important. Whether this clinal variation is due to adaptation, introduction history or other factors is difficult to evaluate. The picture from the multivariate analyses shows that there are no clear patterns that can explain the differentiation. Provenances are placed relatively close together in the multivariate space, despite large distances geographically. The lack of correlation between geographical proximity and differentiation in growth traits is also in correspondence with results in Burkina Faso, where provenances also did not group according to simple geographical patterns (RAEBILD et al., 2003a,c,d) . A particular striking example is the large variation between provenances from Senegal observed in the trial at Gonsé in Burkina Faso (RAEBILD et al., 2003d) . Therefore, as long as no simple relation between performance and other factors has been found, there is no alternative to local testing if the best material is to be found. Even with the above reservations, we find it interesting that the present trial points towards an East-West differentiation with Mali provenances growing more vigorously than Niger provenances. WEBER et al. (2008) also found a significant East-West cline for West African Prosopis africana (Guill. Et Perr.) Taub. provenances grown at a similar site in Niger, but for this species the slope of the cline was opposite with Eastern provenances performing better than Western. Prosopis africana in general grows on sites with higher precipitation compared to the natural distribution area of Acacia senegal, but it is of course highly speculative whether this can be part of the explanation of the inverse trend. Larwanou et. al.·Silvae Genetica (2010) 59-5, 210-218 More studies of genetic differentiation of native tree species across Subsaharian West Africa are in progress through the Sahelian Fruit Trees project (SAFRUIT), and it will be interesting to see if these confirm differentiation in eastern and western groups.
